The fast growth of portable smart electronics and internet of things have greatly stimulated the demand for miniaturized energy storage devices. Micro-supercapacitors (MSCs), which can provide high power density and a long lifetime, are ideal stand-alone power sources for smart microelectronics. However, relatively few MSCs exhibit both high areal and volumetric capacitance. Here rapid production of flexible MSCs is demonstrated through a scalable, low-cost stamping strategy. Combining 3D-printed stamps with arbitrary shapes and 2D titanium carbide or carbonitride inks (Ti 3 C 2 T x and Ti 3 CNT x , respectively, known as MXenes), flexible all-MXene MSCs with controlled architectures are produced. The interdigitated Ti 3 C 2 T x MSC exhibits high areal capacitance: 61 mF cm −2 at 25 µA cm −2 and 50 mF cm micro-supercapacitors (MSCs).
micro-supercapacitors (MSCs). [8] Compared with batteries, MSCs are capable of providing longer lifetime and higher power, [9] and thus are ideal power sources for applications such as micro-electromechanical systems, distributed sensor networks, and nanorobots. [2, 10] Previous efforts have been primarily focused on engineering of the capacitive carbonaceous materials (graphene, [11] [12] [13] [14] carbide-derived carbon (CDC), [8, 15, 16] onion-like carbon, [17] activated carbon, [18, 19] etc.), which store the charge through the formation of an electrochemical double layer. In addition, pseudocapacitive materials, such as conductive polymer composites, [20] metal oxides, [21] [22] [23] [24] hydroxides, [25] disulfides, [26, 27] and nitrides [28] have also been explored in MSCs. They rely on the fast redox reactions occurring on the surface or in the subsurface layers of these materials. In particular, Zhou et al. firstly proposed a molten salts method to mass synthesize 2D single crystalline metal oxides/hydroxides, which demonstrated superior capacitances as supercapacitor electrodes, [25] opening vast and exciting opportunities to synthesize high-performance energy storage materials in a cost-effective way. A high areal capacitance (≈153 mF cm −2 ) has previously been realized by designing a novel separator which allows fast ion transport and high electrolyte retention inside the sandwiched device; [29] however, the areal and volumetric capacitances in these miniaturized energy storage devices, which are the critical performance metrics for the MSCs, are generally low. This is because the materials of interest with a high gravimetric capacitance (F g −1 ) usually possess a low mass loading (mg cm −2 ) and/ or a low tap density (g cm −3 ), resulting in mediocre areal capacitance (F g −1 mg cm −2 = mF cm −2 ) and/or volumetric performance (F g −1 ⋅g cm −3 = F cm −3 ). For example, in-plane MSCs based on chemical vapor-deposited graphene showcased areal and volumetric capacitances of 0.3 mF cm −2 and 72 F cm −3 , [30] respectively, while electrochemically exfoliated graphene displayed 4 mF cm −2 and 40 F cm −3 , [31] respectively. Moreover, the conventional microfabrication technique, which includes patterning of the current collector followed by deposition of the active material, is time-consuming, high cost, and inevitably introduces plenty of voids among the active material, leading to mediocre volumetric performance of the MSCs. Said otherwise, fabricating the MSCs in a fast, efficient manner while achieving excellent areal and volumetric capacitances is of critical importance and necessary. However, this has proven to be very challenging.
Introduction
The recent trend toward flexible, smart, portable microelectronics has greatly stimulated the development of microscale energy storage devices, [1] [2] [3] [4] such as thin-film batteries [5] [6] [7] and www.afm-journal.de www.advancedsciencenews. com Recently, a class of 2D metal carbides and nitrides, so-called MXenes, has emerged and attracted increasing attention since their discovery in 2011. [32, 33] By selectively etching the A-group element (typically Al or Ga) from the parent MAX phase, multilayered (m-) MXene is obtained and can be expressed by the general formula M n+1 X n T x , where M represents an early transition metal, X is C and/or N, T x stands for various surface functionalities such as OH, O, and/or F, and n = 1, 2, or 3. [34] Among >20 MXenes that have been discovered to date, [32, [34] [35] [36] [37] Ti 3 C 2 T x is the most widely studied one with numerous applications already demonstrated including transparent conductors, [38] electrochemical energy storage, [39] [40] [41] [42] [43] [44] electromagnetic interference shielding, [45] water desalination, [46] biosensors, [47] antibacterial films, [48] and coatings. [49] Unlike another popular 2D material, graphene, which has a low tap density (≈0.4 g cm −3 ), is hydrophobic and requires surfactant or polymer to form a stable aqueous dispersion, Ti 3 C 2 T x MXene is hydrophilic and possesses a higher electronic conductivity than the solution-processed graphene, [38] allowing the finger electrodes to serve as both the active material and the current collector for the MSCs. In addition, the reversible redox reactions, which occur on the Ti sites, add redox capacitance (pseudocapacitance). Moreover, the rich surface chemi stry on the negatively charged MXene nanosheets enables the formation of a stable, viscous aqueous colloidal solution (ink) without the need for surfactant or polymer. This is preferable when processing the aqueous solutions of nanosheets into MSC devices, as the MXene inks allow for environmentally friendly fabrication of thick electrodes at reduced cost, in sharp contrast to those formed from graphene/surfactant solutions. Besides this, MXene films possess a substantially higher density (≈4 g cm −3 ), [50] which leads to a much higher areal and/or volumetric capacitance compared to that of graphene, especially taking into account that Ti 3 C 2 T x has a higher gravimetric capacitance than graphene in acidic electrolytes. This is best evidenced by the Ti 3 C 2 T x "clay" [51] and the hydrogel, [39] which have demonstrated volumetric capacitances of ≈900 and 1500 F cm −3 per electrode, respectively. In this perspective, employing Ti 3 C 2 T x as the active material for MSCs brings considerable advantages over graphene or other 2D materials.
For instance, by utilizing a laser scribing strategy, interdigitated finger electrodes were obtained on either rigid or flexible substrates, resulting in high areal (≈25 mF cm −2 ) [52] and volumetric capacitance (357 F cm −3 ) in the solid-state Ti 3 C 2 T x -based MSCs. [9] Very recently, spraying-masking and filtration-masking protocols have also been reported for fabricating Ti 3 C 2 T x -based MSCs. [31, 53] Despite these progresses, there is plenty of room to further boost the electrochemical performance of Ti 3 C 2 T x -based MSC, given that much higher volumetric capacitance has been achieved on MXene films. [39, 51] Moreover, the abovementioned protocols are time-consuming and cannot be scaled up, limiting their future applications in producing MXene MSCs.
Herein, we report on processing 2D Ti 3 C 2 T x MXene viscous ink into MSCs through a facile, low-cost, but elegant stamping strategy. To examine the capability of our method, different stamp shapes were 3D-printed, coated with MXene ink, and then firmly pressed onto paper substrates. Moreover, we demonstrate a scaled-up production route by elaborately designing cylindrical/pad stamps, which can be utilized to fabricate dozens of MXene-based MSCs in seconds. Both the production cost and production time using our stamping strategy to create all-MXene MSCs are much lower compared to those of inkjet printing or direct 3D printing, which usually require specially treated substrates and/or complicated equipment and procedures. [54] These solid-state Ti 3 C 2 T x MXene MSCs have exhibited areal capacitance (C/A) up to 61 mF cm −2 , coupled with long lifetime, high energy density and power density, etc. Collectively, the combination of 3D-printed stamps and MXene inks to rapidly produce flexible all-MXene MSCs with state-of-the-art performance clearly distinguishes this work from the previous reports.
Results and Discussion
Stamping of MXene MSCs is demonstrated in Figure 1 . Desired stamp shapes were 3D-printed first (Figure 1a) . By computer-aided design, the stamp shapes (such as interdigitated/yin yang/spiral, as shown in Figure 1a) as well as the finger gaps/width/numbers, etc., can be easily and efficiently controlled. The MXene ink (Ti 3 C 2 T x or Ti 3 CNT x , Figure 1b ) was then brushed onto the rough, hydrophilic surface of the stamp, and firmly pressed onto a piece of office paper or other substrates ( Figure 1c ). After attaching Ag wires and casting the gel electrolyte (Figure 1d ), devices were dried naturally at room temperature (RT), forming solid-state MXene-based MSCs.
We start by describing MXene ink preparation. Scanning electron microscopy (SEM) images of the Ti 3 AlC 2 MAX phase as well as multilayered Ti 3 C 2 T x (m-Ti 3 C 2 T x ) can be found in Figure S1a ,b in the Supporting Information. Since excessive HCl was employed in the etchant, a higher concentration of H + was formed and facilitated ion exchange with pre-intercalated Li + in the m-Ti 3 C 2 T x . [55] Repeated washing with deionized (DI) water washed away the LiCl salt product. Further manual shaking swelled the clay-like Ti 3 C 2 T x and finally delaminated into nanosheets (d-Ti 3 C 2 T x ), forming a viscous Ti 3 C 2 T x ink. The energy-dispersive spectrum (EDX) of d-Ti 3 C 2 T x is presented in Figure S1c (Supporting Information). The Ti 3 C 2 T x ink is mostly made of single-layered flakes with a hexagonal structure (Figure 2a and inset) . [34] These nanosheets are 1.2 ± 0.2 µm in mean lateral dimension (Figure 2b ) and ≈1.5 nm in thickness, according to the atomic force microscopy (AFM) measurement ( Figure 2c and inset), in good agreement with previous reports. [55] The Ti 3 C 2 T x ink exhibited high concentration and viscosity (≈22 mg mL −1 and ≈1.37 Pa s, respectively), as seen from Figure 2d . Using a similar method, we also prepared Ti 3 CNT x ink. Upon manual shaking, the m-Ti 3 CNT x ( Figure S2 , Supporting Information,) swelled and delaminated into nanosheets (Figure 2e ). The lattice symmetry of the nanosheets (inset of Figure 2e ) is also similar to previous reports on Ti 3 CNT x MXene structure. [37, 56] The Ti 3 CNT x ink, made of predominantly single-layer flakes ( Figure 2e ) with a mean lateral dimension of ≈2.2 µm (Figure 2f ) and thickness of ≈2.3 nm (Figure 2g ), had a concentration of ≈24 mg mL −1 .
The resulting viscous, homogeneous MXene inks of both Ti 3 C 2 T x and Ti 3 CNT x can be arbitrarily painted or handwritten onto any substrate with a hydrophilic surface, as demonstrated in Figure 2h and Video S1 (Supporting Information). In addition, by brushing the Ti 3 C 2 T x ink onto paper, polyethylene terephthalate (PET) or glass ( Figure 2h ; Figure S3 , Supporting Information), solid-state supercapacitors can be immediately fabricated. MXene supercapacitors do not need current collectors, since they can act as both the active material and current collector due to their high conductivity as shown in Video S1 and Figure S4 in the Supporting Information (painted on paper). In this study, for the purpose of producing MSCs on a variety of substrates with defined shapes and configurations, we focused on the stamping strategy.
Various stamps with desired configurations were designed and 3D-printed (Figure 3a,b) and by using MXene ink, corresponding all-MXene MSCs were stamped, as shown in Figure 3c and Video S1 (Supporting Information). As a typical example, the interdigitated Ti 3 C 2 T x MSC on paper (I-Ti 3 C 2 T x ) was examined by SEM, revealing that the finger electrodes are ≈415 µm in width with a ≈550 µm gap (Figure 3d ). Undoubtedly, the uniformity of the finger electrodes needs to be further improved, as shown in Figure 3c . Also, the finger gap (550 µm, Figure 3d ) is large, which inevitably lowers the areal capacitance and rate performance. While stamps with a smaller finger gap can be designed, the as-stamped MXene-MSCs could be short-circuited if the gap is too small. However, this issue exists in all nanosheet inks when processing them into MSCs through the stamping method. Since MXene inks possess a high concentration, we believe that increasing the thickness of the finger electrode through brushing more ink on the stamps would compensate this limit/disadvantage. The Raman spectrum in Figure S5 (Supporting Information) proves that the finger electrode is composed of Ti 3 C 2 T x . SEM images at higher magnification indicate the Ti 3 C 2 T x (Figure 3e ; Figure S7a , Supporting Information) and Ti 3 CNT x flakes (Figure 3f ) compactly stacked on the paper substrate, forming a continuous, electrically conductive film network. The EDX mapping in Figure S6 (Supporting Information) corroborated this finding. Due to its rough surface made of cellulous fibers, it is quite challenging to obtain the film thickness of the stamped MSCs on the paper substrate. To qualitatively estimate the film thickness, we stamped the Ti 3 C 2 T x ink onto a rigid Al foil substrate. The cross-sectional SEM images are shown in Figure S7b ,c (Supporting Information). The film thickness histogram was obtained and fitted ( Figure S7d , Supporting Information), indicating that the finger electrode thickness in the interdigitated MSCs on Al substrate is ≈0.69 ± 0.16 µm. Therefore, the MXene film thickness on the stamped MSCs could be deemed to be in a similar range. In addition, the finger electrodes on the yin yang and spiral Ti 3 C 2 T x MSCs geometries (labeled as Yand S-Ti 3 C 2 T x , respectively) can also be assumed as similar, as the same method was employed to produce them. Diluting the Ti 3 C 2 T x ink by ten times results in I-Ti 3 C 2 T x with a smaller film thickness (≈99 ± 13 nm measured on Al substrate; Figure S8 , Supporting Information). Besides paper, the MXene inks can also be stamped onto surface-treated PET (Figure 3g ). For these MSCs, we selected I-Ti 3 C 2 T x , Y-Ti 3 C 2 T x , as well as Y-Ti 3 CNT x with a film thickness of ≈0.69 µm for the main study, unless specifically noted. These I-Ti 3 C 2 T x MSCs on paper were flexible, which maintained an efficient conductive network (resistance changes < 15%) upon repeated bending/releasing, as shown in Figure 3h . The devices were also quite stable, as no oxides were detected in the Raman spectra after 6 months of air exposure ( Figure S9 , Supporting Information). This is because the main oxidant, dissolved oxygen (as we found previously [57] ), was removed in the stamped MXene MSCs.
A combination of superior electrical conductivity and pseudocapacitive charge storage properties from the MXenes, coupled with good mechanical flexibility as well as compact film architecture, should result in promising electrochemical performance in the all-MXene MSCs. The normalized cyclic voltammetry (CV) curves of Y-Ti 3 C 2 T x with a yin yang shape (Figure 4a) suggest the box-shape and rapid current response upon voltage reversal, indicative of capacitive charge storage behavior, is maintained till 50 mV s −1 . The symmetric sloping curves at various current densities in Figure 4b also Figure S10b , Supporting Information) are quite comparable, exhibiting 34 mF cm −2 at 25 µA cm −2 and maintaining 11.6 µF cm −2 at 800 µA cm −2 . We further fitted the C/A in Figure 4e according to the following equation [58] 
where τ = R ESR C is the time constant of the device, ∆V is the voltage window (0.6 V), ν is the scan rate, and C A stands for the intrinsic areal capacitance achieved in the absence of any ionic or electric transport limitation across the stamped film.
Although it is a simplification of the complex electrochemical behavior, this equation still provides insights into the overall behavior of the electrode. [59] The measured C/A in both devices can be properly described using this equation, based on which the time constant is obtained and compared (inset of Figure 4e ). The time constant in the solid-state Y-Ti 3 C 2 T x is 3 s, and boosts to 18 s in the Y-Ti 3 CNT x , which can be attributed to the more resistive electronic network in the latter. The cycling performance of Y-Ti 3 C 2 T x was evaluated through GCD measurement. As demonstrated in Figure 4f , the Y-Ti 3 C 2 T x retains 94.1% of its initial capacitance after 10 000 cycles and showcases a Coulombic efficiency of 100%, indicating the highly reversible, stable capacitive charge storage behavior is not due to other parasitic reactions, [38] as seen in the typical GCD during cycling (inset of Figure 4f ). To further enhance the C/A, we measured the I-Ti 3 C 2 T x (interdigitated MSC) with increased finger numbers (24 fingers) and decreased finger gap (550 µm). The normalized CVs and GCD curves are presented in Figure 5a ,b, showing capacitive behavior even at high rates. The C/A reached 61 mF cm −2 at 25 µA cm −2 and 50 mF cm −2 at 800 µA cm −2 ( Figure S11 , Supporting Information), demonstrating much higher areal capacitance and superior rate handling properties to that of the corresponding MSC in yin yang configuration. The C/A values obtained from the CVs are quite comparable (57 mF cm −2 at 5 mV s −1 and decreases to 31 mF cm −2 at 100 mV s −1 ). Decreasing the film thickness to ≈100 nm (finger gap ≈ 900 µm) leads to more resistive CV shapes ( Figure S12 , Supporting Information) and a dramatic reduction in areal capacitance as a result. For example, only 2.5 mF cm −2 was achieved at 5 mV s −1 in this interdigitated MSC (Figure 5c ). Besides, decreasing the number of fingers or increasing the finger gaps leads to the reduction of C/A, best seen in Figure S13 (Supporting Information) and Figure 5c . The areal capacitance results of these interdigitated MSCs could be well fitted through Equation (1) with time constant comparison presented in Figure S14 (Supporting Information). These results imply that there is a critical film thickness, which largely controls the electrical conductivity across the film network. Figure 5d compares the C/A of the I-Ti 3 C 2 T x to other reported Ti 3 C 2 T x -based MSCs, demonstrating much higher C/A achieved in this work in the full range of scan rates. For example, the Ti 3 C 2 T x -graphene hybrid electrode shows 3.2 mF cm −2 at 5 mV s −1 , [31] while the best Ti 3 C 2 T x -based MSC produced by the laser-cutting method demonstrated 27 mF cm −2 at 20 mV s −1 . [9, 52] The areal capacitance of our device is higher than that of MnO 2 / graphene hybrid films; however, it is considerably lower than that of polyaniline-graphene composites, in which redox reactions are the predominant source of charge storage. [20] The capacitance values obtained from CV at low scan rate (ν) are comparable to the ones from GCD at low current densities (j). However, a considerable difference is observed in the high-rate range, such as the CV at 200 mV s −1 ( Figure 5c ) and GCD at 800 µA cm −2 ( Figure S11 , Supporting Information). This is because the j converted from ν = 200 mV s −1 at 0.6 V is 3.96 mA cm −2 , much higher than the maximum j applied in this study and resulted in the capacitance difference. In addition, the I-Ti 3 C 2 T x demonstrates excellent performance in both long-term capacitive charge-discharge cycling ( Figure 5e ) and flexi bility. As demonstrated in Figure 5f , the capacitance changes slightly (<20%) upon bending or twisting the solid-state device. After 1600 bending cycles, a high capacitance (42.5 mF cm −2 at 800 µA cm −2 ) was retained (85% of initial capacitance; Figure S15 , Supporting Information), suggesting that the I-Ti 3 C 2 T x MSC produced in this work holds great promise for portable and wearable electronics applications. Finally, we demonstrate production of these MXene-based interdigitated MSCs using either pad or cylindrical stamps. As shown in Figure 6a , 12 interdigitated stamps were 3D-printed on a pad. After brushing the Ti 3 C 2 T x ink, the pad was covered by a piece of A4 paper, and subjected to a cold-rolling machine (Video S1, Supporting Information), leading to rapid stamping of 12 I-Ti 3 C 2 T x MSCs in minutes (Figure 6b ). To further shorten the production period, we designed interdigitated cylindrical stamps with a handle to facilitate the rolling (Figure 6c and inset) . Prior to rolling, a piece of sponge, which presoaked the Ti 3 C 2 T x ink, was squeezed between the handle and the roller. As demonstrated in Video S1 (Supporting Information), dozens of I-Ti 3 C 2 T x devices can be rapidly stamped in seconds (Figure 6d) . The I-Ti 3 C 2 T x fabricated by rolling exhibits good capacitive behavior (Figure 6e,f) and displays 56.8 mF cm −2 at 10 mV s −1 (Figure 6g ). The areal capacitance decays to 24.5 mF cm −2 at 100 mV s −1 , which could be attributed to the relatively high equivalent series resistance (Figure 6h ) in the solid-state device. Even though the rolled I-Ti 3 C 2 T x still greatly outperforms the S-Ti 3 C 2 T x with a spiral shape ( Figure S16 , Supporting Information). The facile, low-cost, rapid/efficient production of MXene-based MSCs, we believe, is critical to future industrial applications, providing the stamps are continuously fed with the MXene ink.
The Ragone plots of the MXene MSCs (I-Ti 3 C 2 T x , Y-Ti 3 C 2 T x , and Y-Ti 3 CNT x ) in this study were calculated and compared to other reported MSC systems, as shown in Figure 6i . Comparing to Y-Ti 3 C 2 T x and Y-Ti 3 CNT x MSCs, the I-Ti 3 C 2 T x demonstrates the highest areal energy density, reaching 0.76 µWh cm −2 and maintaining 0.63 µWh cm −2 at 0.33 mW cm −2 , which is enough to power burst communications, sensors, or other microdevices. [58] While our device showcases a lower energy density than that reported for CDC/TiC films, [8] the I-Ti 3 C 2 T x has greatly outperformed MSCs based on graphene quantum dots, [60] reduced graphene oxide, [61] poly(3,4-ethylenedioxythiophene) polystyrene sulfonate/Ag. [62] or boron-nitrogen co-doped graphene films. [63] The observed electrochemical performance can be attributed to the following: (1) a compact, continuous film architecture formed during stamping which provides metallic conductivity and mechanical flexibility; (2) the hydrophilic paper substrate absorbs the ink and gel electrolyte quite well, which enhances the accessibility of ions to the active material; (3) the interdigitated finger electrodes allow in-plane movement of electrolyte ions. Clearly, there is still much room for further optimization of the finger gaps/numbers/width/ thickness. However, this is beyond the scope of this work.
Conclusion
In summary, we have demonstrated a novel stamping strategy to rapidly create high-performance, coplanar all-MXene MSCs through a combination of 3D printing technology and viscous MXene aqueous inks. Benefitting from the metallic conductivity of the MXene nanosheets, as well as the continuous film nanostructure, the MSCs are free from a metal current collector which allows fast transport of electrons, resulting in high rate response in the solid-state device. Moreover, due to the rich surface chemistry of the MXenes, which are stamped on porous hydrophilic paper, the accessibility of the MXene flakes to electrolyte ions is also enhanced. A pseudocapacitive energy storage mechanism, combined with high density and substantial thickness of Ti 3 C 2 T x films, leads to a significantly enhanced areal capacitance per electrode. For example, the interdigitated Ti 3 C 2 T x MSC has demonstrated areal capacitances of 61 mF cm −2 at 25 µA cm −2 and 50 mF cm −2 at 800 µA cm −2 . Importantly, we have shown two ways to potentially scale up production of these all-MXene MSCs by employing pad and cylindrical stamps. Upon cold pressing or rolling, dozens of MSCs having a high areal capacitance (56.8 mF cm −2 at 10 mV s −1 ) were fabricated in seconds. This clearly distinguishes our results from previous reports, which required much slower and complicated procedures. Undoubtedly, through further optimization of the MXene synthesis, tuning of the composition, surface chemistry and size of the MXene flakes, and/or engineering the stamps' design, etc., higher areal and volumetric capacitance, as well as higher rate handling of the solidstate MSCs, can be achieved, opening exciting opportunities in the fabrication of printable energy storage devices.
Experimental Section
3D Printing of the Stamps: 3D models of the stamps were designed using Solidworks 2016, which were then sent to the Voxel8 3D printer (Voxel8 Inc., USA). The temperatures of the substrate and the print-head were controlled to 30 and 200 °C, respectively. The polylactic acid (Voxel8 Inc., USA) was fused at 200 °C inside the print-head, squeezed through the nozzle (width of 200 µm, the filament was 1.75 mm in diameter), and deposited onto the substrate in the molten state and then quickly solidified. This allows continuous printing according to the specified design, forming real 3D stamps. The spatial resolution of the fingers was ≈300 µm. Three types of stamps were 3D-printed: (1) single stamps (with various shapes, such as interdigitated, yin yang, and spiral, and configurations with different finger widths, lengths, gaps, etc.), (2) roller stamp with a handle, and (3) pad stamps with 12 devices. Each stamp takes ≈15 min to be printed, followed by a roughening with fine grit sand paper (P2000) to increase the wettability of the water-based inks.
Synthesis of Multilayered MXenes:
The minimally intensive layer delamination (MILD) recipe reported by Gogotsi and co-workers [55] was followed and used an excess of lithium fluoride (LiF, Sigma Aldrich, USA) and hydrochloric acid (HCl, 37 wt%, USA) to delaminate the multilayered MXene. Typically, 0.5 g of LiF was added to 10 mL of an aqueous solution of HCl (9 m), followed by 10 min stirring at RT until the formation of clear solution. Then 0.5 g of Ti 3 AlC 2 was added over the course of 40 min at RT under magnetic stirring, and the mixture was stirred for 24 h in an oil bath with the temperature set to 35 °C. Following this, the etched powder was washed with DI water, centrifuged at 3500 rpm for 5 min, and the resulting clear supernatant was decanted and discarded. The washing steps were repeated three times until the pH of the supernatant reached ≈6. Then the supernatant was decanted, and the multilayered Ti 3 C 2 Tx sediments were obtained. Ti 3 AlCN was also etched using a similar method. [37] Typically, 0.5 g of Ti 3 AlCN was slowly added to a solution containing 0.66 g of LiF and 10 mL of HCl (6 m). The reaction time was set to 16 h. All the rest of the steps were similar to the Ti 3 C 2 Tx counterpart.
MXene Ink Preparation: 10 mL of DI water was added to the as-etched corresponding sediment (Ti 3 C 2 Tx or Ti 3 CNTx), which was subjected to vigorous shaking by hand or vortex machine for ≈10 min. After that, the suspension was centrifuged at 1500 rpm for 1 h. The as-obtained sediment was redispersed in ethanol and subjected to vacuum filtration. c) The 3D-printed cylindrical stamps. d) I-Ti 3 C 2 T x devices fabricated through rolling the cylindrical stamps. e) CVs, f) GCD profiles, and g) rate performance of the rolled I-Ti 3 C 2 T x MSC. Also included is the dashed line obtained by fitting the capacitance using Equation (1) . h) Nyquist plot of the rolled I-Ti 3 C 2 T x . Inset is the enlarged profile in the high-frequency region. i) Ragone plot comparison of this work to other MSCs.
The cake was dried naturally at room temperature, and denoted as "m-Ti 3 C 2 Tx" or "m-Ti 3 CNTx." As for the supernatant, a higher centrifugation rate (3500 rpm) was used for 1 h. The sediment collected this step was redispersed in 10 mL of DI water by vigorous handshaking for 5 min, and denoted as "Ti 3 C 2 Tx ink" or "Ti 3 CNTx ink," respectively.
Stamping MXene MSCs: Typically, Ti 3 C 2 Tx MXene ink was brushed onto the interdigitated fingers of 3D-printed stamp. Then the stamp was firmly pressed to a piece of A4 office paper. After 3 s, the stamp was removed and the MSC was dried naturally, denoted as I-Ti 3 C 2 Tx, representing interdigitated Ti 3 C 2 Tx. Other MSCs, such as yin yangTi 3 C 2 Tx (Y-Ti 3 C 2 Tx) and spiral-Ti 3 C 2 Tx (S-Ti 3 C 2 Tx), were stamped accordingly. Yin yang-Ti 3 CNTx (Y-Ti 3 CNTx) was also prepared by stamping the Ti 3 CNTx ink in a similar fashion. In addition, I-Ti 3 C 2 Tx was also stamped onto PET, glass, and Al substrates, which were oxygen-plasma treated for 10 min prior to the stamping to increase their hydrophilicity. To show a possibility of large-scale production of MXeneMSCs, cylindrical stamps were 3D-printed with a handle. Prior to the rolling, a sponge soaked in the MXene ink was inserted in the narrow space between the cylinder and the handle. Upon rolling, the stamp kept sliding over the sponge and was fed with the ink, leading to the rapid printing of dozens of MSCs within seconds. All the MSCs were then vacuum-dried overnight before testing.
Materials' Characterization: Delaminated MXene nanosheets were observed through transmission electron microscopy (TEM). The MXene ink was first diluted and then drop-casted onto ultra-thin carbon film TEM grids. By measuring sufficient flakes (N > 100) from TEM images and taking the longest axis of the flakes as the lateral dimension, the size histograms of the Ti 3 C 2 Tx and Ti 3 CNTx flakes were thus obtained. SEM images of the multilayered MXenes as well as the MXene MSCs were acquired on a Zeiss Ultra Plus (Carl Zeiss, Germany) at an acceleration voltage of 2 keV. EDX mapping of the stamped finger electrodes was acquired on the same machine. AFM was performed with an Asylum Research MFP 3D microscope working in the tapping mode with a shift of −5%. An Si tip coated with Al (Budget Sensors) and a nominal resonant frequency of 300 kHz were used. The images were acquired under ambient conditions with a scanning rate of 1 Hz and a tip resonant frequency of 300 kHz. The data were processed with Gwyddion software. Raman spectra of the fresh finger electrodes, as well as the MSC after 6 months exposure to air, were acquired using a WITec Alpha 300 R confocal Raman microscope with an excitation wavelength of 532 nm and a spectral grating with 600 (or 1800) lines mm −1 . By focusing the laser with a low power (≈ 300 µW) through a 20× objective, representative Raman spectra were obtained for each sample. X-ray diffraction was conducted on a Bruker Advance Powder X-ray diffractometer in the Bragg-Brentano configuration operating at 40 kV using Mo Kα radiation (λ = 0.71073 Å), from 2θ angles of 2-35° and with a step size of 0.01°. The flexibility measurements of the I-Ti 3 C 2 Tx upon bending/releasing was monitored on a home-made setup. For the resistance change test, two lines of Ag paint were painted on the ends of the MSC, then one end of two long Ag wires was attached to the paint and covered by the tape, while the other end was connected to the multimeter to form a circuit. The resistance was recorded upon bending/ releasing and normalized to the initial value. For the capacitance change test, the same configuration was kept but connected to the potentiostat instead.
Electrochemical Measurements-Gel Electrolyte Preparation: Specifically, 1 g of polyvinyl alcohol (PVA) powder was added to 10 mL of DI water. After stirring vigorously for 30 min at 85 °C, the clear solution was cooled down to room temperature. Then 3 g of concentrated H 2 SO 4 (97 wt%) was added, and stirred for 1 h at room temperature. The as-obtained gel electrolyte was denoted as PVA/H 2 SO 4 .
Electrochemical Measurements-On-Chip MXene Solid-State MSCs: MXenes possess metallic conductivity and thus behave as both the active materials and current collector in MSCs. Therefore, no metal current collector was involved. For the sake of cable connection, Ag wire was attached at the end of the MSC, and was glued by the Ag slurry (RS Components, Northants, NN17, UK). After being dried naturally for 10 min, nail polish was coated onto the contact in order to protect the Ag from potential exposure to the electrolyte. After drying for another 30 min, the gel electrolyte was coated onto the MXene MSCs, which was evaporated in air for 1 d, leading to the formation of on-chip solid-state MXene MSCs.
To evaluate the electrochemical performance of the MXene MSCs, CV was performed at different scan rates (5-200 mV s −1 ), while GCD tests were conducted in the range of 25-400 µA cm −2 in a voltage window of 0-0.6 V. For the cycling tests, the MSC devices were charged/ discharged for 10 000 cycles at 200 µA cm −2 . Electrochemical impedance spectroscopy was performed at open-circuit voltage from 100 mHz to 100 kHz. All the electrochemical characterizations were conducted on a VMP3 potentiostat (Biologic, France). The electrochemical performance of the MXene MSCs was evaluated through CV and GCD. The areal capacitance per electrode was derived from the fifth CV curve at each scan rate based on the following equation 
where, C/A is the measured areal capacitance (mF cm −2 ), j is the current (mA), ∆V is the voltage window (0.6 V), A t (cm 2 ) is the geometric area of the MSC, υ is the scan rate (mV s
−1
). The capacitance of the MSC was also calculated based on the fifth GCD curve using the following equation
where ∆V is the effective voltage window after the IR drop and ∆t is the discharge time.
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